Since a large mine tailings spill near a stork colony in southwestern Spain, nestlings had leg deformities and could not control serum phosphorous levels and Ca:P ratios.
Introduction
In April 1998, a major ecological disaster occurred close to the UNESCO Biosphere Reserve which includes the Doñana National Park and associated nature reserve in southwestern Spain. The tailings dyke of the Aznalcóllar pyrite mine broke, flooding the Agrio-Guadiamar river system with approximately 6 million m 3 of acidic, metal-rich water and mud (Grimalt et al., 1999) .
Within 1 km of the vast area inundated with the acidic mining wastes is one of the largest colonies of white storks (Ciconia ciconia) in the Western Palearctic, the Dehesa de Abajo (DdA) stork colony. Since the early 1980s, breeding performance of DdA storks has been studied by researchers at the Doñana Biological Station (CSIC) . In the years following the spill, besides increased prevalence of DNA damage (Pastor et al., 2004) , leg and bill deformities were recognized in the nestling storks produced in this colony (Smits et al., 2005) .
Because the spill was rich in metal sludge, there was a concern that elements such as lead, one of the most abundant metals identified in the toxic effluent (Grimalt et al., 1999) , may have interfered with calcium deposition in the bone. Lead is known to affect bone strength through several
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pathways; through direct competition with Ca binding in the bone, and through interference with normal hormonal stimulation of osteoblasts and osteoclasts, the cells responsible for bone growth and remodelling (Pounds et al., 1991) . Alternatively, lead can indirectly affect the differentiation of bone through reducing hormones required for bone formation (Berglund et al., 2000 and references therein) . This would ultimately produce weakened long bones which are more readily fractured, especially in young, quickly growing, long-legged animals. In all the storks with leg deformities, the tarsometatarsi (lower leg bones) were consistently affected (Figs. 1 and 2) (Smits et al., 2005) . Intense investigation of contaminant metals in young storks with skeletal pathology showed that bone Pb levels alone were not related to limb deformities in the birds from DdA. However, when total metal and metalloid residues (including lead, zinc, strontium, tin, arsenic, copper, chromium, vanadium, titanium and aluminum) in the juvenile storks from DdA were examined, they were related to histopathological changes in the tarsometatarsal bones. Besides the microscopic changes in their bones, the deformed birds had legs which were more asymmetrical, and their plasma levels of bone alkaline phosphatase (BALP) were lower than in their age-matched cohorts which had normal legs (Smits et al., 2005) .
We have shown with our previous study that the relationship between bone malformations and metal contamination occurred in a complex manner. Toxic elements were partially responsible for leg pathology in the juvenile storks, but the metals alone did not explain the deformities that developed. Unknown factors were exacerbating the physiological costs of exposure to the spill-related compounds. Although we could not prove a direct link with any particular element, something about the contaminant burden was affecting bone development. The purpose of this study was to investigate potential physiological abnormalities that could further explain the recent occurrence of defective leg development in nestling storks from the colony exposed to the mine tailings contaminants.
Materials and methods

Study sites
The stork colony referred to as DdA is in a natural area (Puebla del Río, province of Sevilla, 6 10 0 16 00 W: 37 12 0 33 00 N). The colony, with nests in wild olive trees, is relatively far from urban environments and within 2 km of the marshes of the Doñana area. The tailings dyke accident from the iron pyrite mine in Aznalcóllar (Sevilla), flooded the river valley and marshes up to this colony (Grimalt et al., 1999) . The reference colony, Matasgordas (MG), has nests in oak trees scattered over several square kms in the heart of Doñana National Park. Previous studies on metal levels in nestling white storks around Spain revealed that birds from MG have lower tissue levels of metals than most of the colonies studied, DdA included (B. Jiménez et al., unpublished) . Since breeding storks generally forage near their nesting sites (Cramp and Simmons, 1980 ) MG storks were very unlikely to have foraged in the contaminated, tailings spill area, supporting their validity as a reference colony. Table 1 . In 2002, 50 deformed and non-deformed storks of different ages (Table 1 ) from the DdA were studied. Limited amounts of plasma allowed analysis of mineral levels in 43 of these birds ( Table 1 ). In that year sampling was not possible at MG. In 2003, 53 nestling storks from DdA, plus 31 nestlings from MG were examined (age range and leg status in Table 1 ).
Animals
All nestlings from each colony were taken down from their nests, gently restrained by hand during blood collection, physical examination, weighing and measuring. Because of the bone problems observed in the DdA birds subsequent to the tailings spill (Smits et al., 2005) , physical examination included evaluation for skeletal deformities involving the bill, tibiotarsus and tarsometarsus (TMT). The birds were subjectively classified as deformed or not deformed. Affected TMT bones were consistently deformed just distal to (Smits et al., 2005) . Some of the birds had bills with abnormal, dorsal curvature. Hatchling storks have mild varus curvature of the legs for the first few weeks of life because of positioning in ovo. This was taken into account when very young birds were examined. After this period, their TMTs should straighten out completely, with legs increasing in length and diameter until the birds are ready to bear weight shortly before fledging which occurs between 60 and 90 days post-hatching (Bernis, 1981) .
Clinical pathology
Total serum alkaline phosphatase (ALP) activity is generally the sum of alkaline phosphatase derived from liver (LALP), bone, and possibly the intestines (IALP). Increased activity of BALP in serum is a marker for skeletal growth in both mammals and birds Viňuela et al., 1991) . Because of the specific role of BALP in bone growth and development, we determined the activity of this isoenzyme to reveal if there was a difference between storks with deformed versus normal legs. Serum activity of the ALP isoenzymes were determined using the assay previously described for rat, dog, and monkey serum (Hoffmann et al., 1994; Sanecki et al., 1993; Wiedmeyer et al., 1999) . In brief, this assay measures IALP by selectively inhibiting LALP and BALP with l-tetramisole (levamisole) and determines LALP by selectively precipitating the BALP isoenzyme with wheat germ lectin. BALP is determined by subtracting LALP and IALP (if present) from the total ALP activity. Extracts of chicken liver and intestine were used to establish inhibition of LALP and IALP by the levamisole to insure that the avian ALP isoenzymes were inhibited to a similar extent as are mammalian ALP isoenzymes (Hoffmann, unpublished) .
Serum calcium and phosphorous
Because of the critical role of Ca and P in bone development (Riddell and Pass, 1987) , levels of both minerals (mMol/L) were assessed in plasma using an automated instrument (Hitachi 912 automatic analyzer, Montreal, Canada). Both the absolute and relative levels of these elements are essential for normal bone development, so the Ca:P ratio was determined as well.
Statistical analyses
Data were analyzed using SPSS (Norušis, 1993) and we considered results significant at the 0.05 level. Physiological variables in nestlings were analysed based upon the location of the colony, and/or the occurrence of deformed legs, within each year or among years.
Results
The results will be presented separately for each year because not only were the environmental conditions different each year, but we did not have access to the reference colony in the National Park in 2002.
2001
In 2001, of the 38 nestlings sampled in the DdA, 23 nestlings had no clinically evident skeletal malformations, while 15 had obvious deformities of the TMT (Table 1) . Although five of the birds had bill deformities, they also had deformed TMTs, so in this paper we refer only to the TMT. Sixteen nestlings were examined and sampled from the MG reference colony. Age was not a significant covariate in any of the models and was dropped. For Ca, the ANOVA of the three groups, DdA deformed, DdA non-deformed and MG reference birds, proved to be non-significant (F 2,51 ¼ 1.080, p ¼ 0.347). In contrast, P levels varied with group (F 2,51 ¼ 4.098, p ¼ 0.022), and LSD comparisons revealed that the P of deformed birds was significantly lower compared with both their colony mates ( p ¼ 0.017) and the reference birds ( p ¼ 0.013), but the non-deformed DdA storks did not differ from the MG reference birds ( p ¼ 0.736).
Consistent with the findings for P, the Ca:P ratio, examined using a ManneWhitney 2-tailed test was significantly higher in the deformed birds compared with normal birds from DdA (z ¼ À 1.986, p ¼ 0.047) and the MG birds (z ¼ À 2.095, p ¼ 0.036), but the normal looking birds from the 2 colonies again did not differ (z ¼ À 0.474, p ¼ 0.635) (Fig. 3) .
2002
Of 50 DdA nestlings, 28 were normal and 22 were deformed. Table 1 shows results for the 43 birds for which we had sufficient plasma. Plasma P (Table 1 ) was lower in deformed birds (F 1,40 ¼ 4.005, p ¼ 0.052), but in contrast to results for 2001, age was a significant covariate (F 1,40 ¼ 6.785, p ¼ 0.013). The age effect was the result of including 4 birds younger than any of those sampled in the previous year. When the youngest nestlings were excluded, and only nestlings within the age range studied in 2001 were used, i.e., greater than 26 d-o, the lower plasma P became even more obvious in deformed birds (F 1,37 ¼ 6.916, p ¼ 0.012) and there was no longer an age effect. Again, Ca levels were not different between the 2 groups considering all ages or the restricted age range ( ps > 0.9). The Ca:P ratio was significantly higher in the deformed storks, whether the age range was matched with 2001 (z ¼ À 2.359, p ¼ 0.018) or all birds were included (z ¼ À 2.203, p ¼ 0.028).
For BALP, the results were the same regardless of whether the youngest birds were excluded, so all ages are presented here. Predictably, age was a significant covariate (F 1,38 ¼ 16.760, p < 0.001) because BALP increases during maturation, remodelling and mineralization of bone. Deformity as a factor in the ANOVA was also significant (F 1,38 ¼ 4.398, p ¼ 0.043); however, there was a significant interaction between age and deformity (F 1,38 ¼ 5.670, p ¼ 0.022). There was a steeper association between age and BALP for the deformed birds, and so in the younger age range, 
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deformed birds had relatively lower BALP whereas for the older nestlings, deformed birds had higher BALP (Fig. 4 ). There were no significant correlations (all p > 0.41) between BALP and plasma Ca, P or Ca:P.
2003
Of the 53 nestlings from DdA only 7 had clinical deformities, so we have not based this year's analyses on deformities alone. Rather, we compared all birds from DdA to the 31 birds from the reference colony, MG. A larger sample of younger nestlings was available than in previous years.
For plasma P, the ANOVA revealed a significant difference between colonies (F 1,82 ¼ 7.840, p ¼ 0.006), age was not significant (F 1,82 ¼ 1.345, p ¼ 0.250); however, there was a strong age Â colony interaction (F 1,82 ¼ 7.252, p ¼ 0.009). The youngest birds at DdA had both extremely high and much lower plasma P (CV ¼ 60%) compared with MG nestlings of matched age (CV ¼ 19%), but the deformed birds generally had very low plasma P (Table 1, Fig. 6 ). For plasma Ca, age, colony, and the interaction between them, were all non-significant ( ps > 0.14). A ManneWhitney test showed the Ca:P ratio to be not statistically different between colonies when all ages were considered together (z ¼ À 1.603, p ¼ 0.109). It is vital to note, however, that the MG birds maintained a narrow Ca:P range throughout their development period, while the DdA birds were not able to control this important physiological relationship (Fig. 5) .
In comparing the BALP of birds, as expected age was a significant covariate (F 1,72 ¼ 7.840, p ¼ 0.007), but the colonies did not differ, nor was there an age Â colony interaction ( ps > 0.2). The lack of difference between the sites was likely explained by the decreased numbers of deformed birds in this year. When the seven deformed birds were compared to the other individuals from both colonies, the trend was for them to have lower BALP. There were no significant correlations (all p > 0.36) between BALP and plasma Ca, P or Ca:P for either colony.
Discussion
Skeletal deformities appeared in the DdA colony in 1999, the year after the mine tailings accident, and since then, have been an ongoing problem. We recently described a complex relationship between the contaminant metals in their tissues and the limb deformities in young storks, in which both Ca and P levels in bone were affected independently by metals (Smits et al., 2005) . That work took place in year 1 (2001) of a multi-year investigation. By year 3, a metabolic problem became evident in the colony that helped explain the bone malformations.
Calcium and phosphorous
Calcium and phosphorous are closely associated in vertebrate metabolism, especially in bone formation, although Ca is also essential for blood clotting, contraction of skeletal and cardiac muscle, and for regulation of cellular metabolism. Phosphorous plays essential roles in biochemical energy production, metabolism of carbohydrates and fats, is a constituent of all living cells, and helps maintain acid-base balance (Klasing and Austic, 2003 ). An imbalance of Ca and P is a common cause of aberrant mineral metabolism which results in abnormal development of the skeleton (Fowler, 1986) . Young, growing chickens suffering from a deficiency of Ca, P or Vitamin D develop an abnormal skeletal condition. Their long bones develop cartilagenous proliferation near the joints with softening and bending of the bones (Klasing and Austic, 2003) . The TMT bones in our storks did not show changes fitting the pathology 
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described in chickens with limb deformities, although the boney malformations were consistently at the proximal end of the TMT, just distal to, or possibly involving the proximal growth plates. In an MSc thesis by M. Prieto-Rodriguez (2001) , bone pathology in grey herons (Ardea cinerea) was thought to be linked with poor mineralization due to dietary constraints.
There are numerous interactions among Ca, P, Vitamin D and parathyroid hormone. Both the absolute and relative concentrations, plus the balance among them are important. Despite a great deal of research, the relationships among Ca, P, diet and skeletal consequences are not clear. Even when skeletal problems are clearly described, this does not help with determining cause, and cannot be explained simple by nutrient imbalances in the diet. Levels of a particular nutrient or nutrients are optimal only when levels of all other nutrients and hormones are also optimal (Palmer, 1993) . As was the case with these storks, exposure to environmental contaminants would further complicate and disrupt physiological processes at many levels.
Bone growth and formation occurs by activated osteoblasts producing collagen upon which the mineral, calcium phosphate, is deposited. Remodeling is achieved through a balance between the activity of osteoclasts which degrade osseous tissue and osteoblasts which produce the scaffolding for new bone (Pines et al., 1993; Dacke, 2000; Williams et al., 2004) . Bone turnover during growth and remodeling is regulated by the complex interaction of numerous hormones; the activated form of vitamin D (1,25-(OH) 2 -D3), parathyroid hormone (PTH), calcitonin, sex steroids and growth factors. This effort is largely towards maintaining Ca homeostasis. Precursors of vitamin D in the skin are transformed into the vitamin upon exposure to ultraviolet irradiation. The kidney then activates Vitamin D, which stimulates increased absorption of Ca and P from the gastrointestinal tract. A decrease in serum calcium stimulates PTH release from the parathyroid glands, which, in the presence of adequate vitamin D, stimulates increased mobilization of Ca from bone, increasing plasma Ca and changing its balance with plasma P (Genuth, 1993) .
Blood calcium was quite stable in all birds over the three years of the study, regardless of colony location or leg status. Phosphorous, on the other hand, was remarkably abnormal, with variably erratic expression over the years. In 2001, deformed chicks had much lower P than both their colony mates and the nestlings from the reference colony, which were similar to normal birds in the affected colony. The following year, the same finding emerged with P again being lower in deformed birds compared with their normal colony mates. In 2003, although there were very few deformed birds, 5 of the 7 nestlings with malformed TMTs had lower P than all their clinically normal colony mates plus the reference birds. In 2003, with a larger sample size, and younger nestlings than in previous years, it became clear that the whole DdA colony was suffering from abnormal P levels, and that age played an important role. DdA birds had declining P, whereas in the normal MG birds, P increased slightly with age. Most importantly, the MG birds showed normal, tightly controlled serum P throughout their nestling period, while the affected colony had P levels that were lower, to 5 times higher than the normal range. This wide range in serum P indicated that dietary restrictions were not the explanation of the P imbalance in the birds. Although it was most conspicuous in birds 25 d-o and younger, poor regulation of serum P persisted in DdA storks up to 50 d-o (Fig. 6) .
Comparative Ca:P ratios over the three years
In the reference MG colony, Ca:P ratio in 2001 ranged from 1.1 to 2.5, and in 2003 it was somewhat lower, 0.9 to 2.2. In DdA, the Ca:P ratios ranged from 0.47 to 7.9 over the three years of this study. The inter-annual variation seen in the reference colony probably reflected dietary differences based upon environmental conditions. In a parallel multi-year study of the DdA stork population, condition and survival of nestlings was shown to be affected by annual variability of weather conditions . In most cases Ca:P was too high in DdA birds; 24 to 30% of all DdA birds had Ca:P ratios that exceeded the maximum seen in MG nestlings, whether they had deformities or not. Over the three years, 26%, 63% and 40% of the DdA birds had P levels below the lowest seen in the reference birds.
Although lead in the tissues of DdA storks was known to originate from the Aznalcóllar mine spill (Meharg et al., 2002) , it alone, was not responsible for the subsequent bone pathology (Smits et al., 2005) (Figs. 1 and 2) . The combination of metal contaminants, as well as P levels in the deformed storks that had been necropsied were implicated in the malformations, but not in a direct and causal manner (Smits et al., Fig. 5 . In 2003, the Ca:P ratio is very tightly controlled in reference (MG) birds, whereas this control is lost in both deformed and normal looking birds from DdA.
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. There was no specific metal contaminant or group of contaminants that would explain the P problem described here.
Bone alkaline phosphatase
In the current study of storks, we identified no intestinal (I)ALP in serum, an isoenzyme routinely found in rat serum (Hoffmann et al., 1994) . This lack of IALP in birds has not been reported previously, but may be inferred by the study of Tilgar et al. (2004b) , as no mention is made of the IALP isoenzyme in their report using the electrophoretic technique to separate ALP isoenzymes. Bone ALP activity is elevated in serum during active bone growth in birds (Tilgar et al., 2004a,b) and mammals . In two species of raptors, total ALP was unpredictable in its correlation with serum Ca and P, being positively correlated in nestling red kites (Milvus milvus) but negatively (P) or not (Ca) correlated in black kites (Milvus migrans) (Viňuela et al., 1991) . There was no information about BALP isoenzyme in the raptor study.
Skeletal size does not provide information regarding the stage of ossification or mineralization of bones (Tilgar et al., 2004a , and references therein). Fledglings of similar structural size may be at different stages of development. In their experimental work with free-living song birds, Tilgar et al. (2004b) made convincing arguments that lower blood BALP in mature, full-sized nestlings was because their bones were more completely ossified, relative to those of age-matched, similar sized nestlings with higher BALP. They suggest that the higher BALP is associated with active calcium deposition in the bones as they continue to mature. In kites, the total ALP reached maximum serum levels approximately two thirds of the way through their nestling period, when nestlings' legs were nearing full size (Viňuela et al., 1991) . In another context, Hoffman et al. (2000) suggested that ducklings exposed to lead actate had decreased total ALP activity which they felt was explained by the lower bone growth in this group.
Bone alkaline phosphatase is expected to increase as the skeleton develops over the nestling period as the bones grow and remodel. Older chicks have bigger bones and, simply based upon volume of actively maturing tissue, would have higher BALP until the bones are fully mineralized. In our study, the BALP levels were different between deformed and normal birds, with the relationship changing with their age. In the younger age group, deformed birds had lower BALP, presumably because mineralization of their damaged and developing bones was delayed compared to same aged birds with normal legs. Towards the end of the nestling period, the deformed birds had higher BALP than those with normal legs. Following up on the hypothesis of Tilgar et al. (2004b) , a feasible explanation would be that TMTs of the normal storks had neared completion of the ossification process, whereas the malformed birds with apparently full structural size, had higher levels of BALP because they were still actively laying down calcium phosphate to complete the maturation and strengthening of their long bones.
BALP was not correlated with Ca, P or Ca:P ratio in any year, in spite of the fact that BALP is directly related to bone growth which is heavily dependent upon Ca and P. Vitamin D deficiency, a common cause of leg problems in domestic chicks, was discounted in the storks because they live in trees in a very sunny climate, and sunlight activates Vitamin D precursors stored in skin.
In the case of the storks, we know the contaminants to which they are being exposed are interfering with optimal nutrition either through affecting absorption of nutrients, or by causing physiological malfunctions resulting in improper mineral balance (Figs. 1, 3 and 4) .
Because of the complexity of Ca and P homeostasis which depends upon normal function and interactions among the intestine, liver, kidney, parathyroid gland, thyroid gland and bone, disease in any of these organs could have a profound effect on bone physiology. Investigation of these storks did not include clinical biochemistry, so any subclinical problems that may have been occurring in other organ systems went undetected. Even though the leg problem is somewhat resolved by the time these birds fledge, there is reason to be concerned about their fitness and survival during the post-fledging period, a time well known for low survival rates (Naef-Daenzer et al., 2001; Ringsby et al., 1998) .
The mine tailings spill was the most obvious toxicology problem related both temporally and spatially to the affected DdA colony. However, we have established that the association between this environmental disaster and the skeletal problems in nestling storks is not straightforward (Smits et al., 2005) and there are other environmental factors that may play a role. Storks do forage in garbage dumps (Tortosa and Caballero, 2002) , and are also likely exposed to moderately high levels of agrochemicals used in the vast and nearby (<3 km) area of rice production. It is possible that exposure to a complex mixture of metal pollutants, added to chronic, low-grade exposure to pesticides could stimulate various 
